Signaling in pluripotent stem cells is a complex and dynamic process involving multiple mediators, finely tuned to balancing pluripotency and differentiation states. Characterizing and modifying the necessary signaling pathways to attain desired cell types is required for stem-cell applications in various fields of regenerative medicine. These signals may help enhance the differentiation potential of pluripotent cells towards each of the embryonic lineages and enable us to achieve pure in vitro cultures of various cell types. This review provides a timely synthesis of recent advances into how maintenance of pluripotency in hPSCs is regulated by extrinsic cues, such as the fibroblast growth factor (FGF) and AC-TIVIN signaling pathways, their interplay with other signaling pathways, namely, winglesstype MMTV integration site family (WNT) and mammalian target of rapamycin (mTOR), and the pathways governing the determination of multiple lineages.
Introduction
Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), exhibit capacity for self-renewal and differentiation to induce embryonic germ layers. The hPSCs are applicable in the context of embryological/developmental studies and for cell replacement strategies in clinical settings. The signaling pathways underpinning cellfate specification in human development are similar to those in mammalian models. However, these processes may be context/tissue/species dependent despite being highly conserved.
More than a decade after the generation of hPSCs, success in determining the mechanisms governing pluripotency and organ development have resulted in efficient differentiation of these cells to all the germ layers (mesendoderm, neural ectoderm, neural crest, epidermis, extra-embryonic cells). The in vitro characterization of hPSC has enabled developmental biologists and embryologists to delineate its function in the context of embryogenesis. Although the interaction among some intracellular molecules is not known, extrinsic factors could maintain pluripotency and govern differentiation in vitro. Hence, we have strived, in this review, to explain how diverse signaling mediators (and their inter-dependence) may regulate the pluripotency and differentiation states of hPSCs.
Molecular mediators contributing to the stemness of human pluripotent stem cells Fibroblast growth factor signaling
Stem cells are defined by two unique characteristics, namely, the prowess for pluripotency and selfrenewal, both of which are controlled by extrinsic environmental signals. One of the conserved pathways associated with hPSCs is mediated via fibroblast growth factor (FGF) signaling. Along with its downstream effectors, FGF activates genes that correspond to pluripotency (1) . The binding of FGF ligand to the receptor tyrosine kinases initiates this pathway. This interaction increases the phosphorylation on tyrosine residues that lead to activation of the receptor's intracellular kinase domain (2) , resulting in the phosphorylation and activation of phosphatidylinositol 3-kinase (PI3K), and cRAF, to a lesser extent, which in turn activates the v-Akt (AKT). AKT mediates inhibition of apoptosis and stimulation of cell proliferation via mTOR signaling in hESCs (Fig.1A) (3) . The activation of PI3K is required for hESC identity and its inhibition leads to onset of differentiation (4) . FGF can be replaced by other extrinsic signals, such as insulin-like growth factor 1 (IGF1) and HEREGULIN, which can induce PI3K/ AKT signaling, suggesting that FGF signaling acts through PI3K/AKT in hESCs (1) . Phosphorylation, with subsequent activation of cRAF, activates mitogen-activated protein kinase MEK/ERK signaling, which controls survival and differentiation. There is no evidence for the involvement of other FGF signaling mediators, such as p38, c-Jun N-terminal kinase (JNK), and protein kinase C (PKC), in hESCs. Inhibition of FGF signaling results in decline of NANOG homeobox (NANOG) expression in hESCs, but not in mouse epiblast stem cells, although the mechanism(s) remain unclear (5) . Activation of ERK signaling antagonizes stem cell pluripotency and its phosphorylation can maintain NANOG expression through mesendoderm differentiation (6) . Activation of AKT signaling could inhibit ERK signaling by binding to cRAF (7) and its repressive effect on ERK signaling was confirmed in hESCs (4) . ERK signaling is also associated with mesoderm and neural differentiation and impairs pluripotency in hESCs (8, 9) . Therefore, blocking ERK phosphorylation is a valid strategy to inhibit the expression of genes driving pluripotency (Fig.1A) .
ACTIVIN/NODAL signaling
The ACTIVIN/NODAL pathway is required for sustaining hESC pluripotency in vitro. Its cross-talk with the FGF signaling increases the expression of NANOG, octamer-binding transcription factor 4 (OCT4), and sex determining region Y (SRY)-box 2 (SOX2) genes (10, 11) . ACTIVIN and NODAL are members of the transforming growth factor beta (TGFβ) family proteins that bind to the same heteromeric type I (ALK4/5/7) and type II (ACTRIIB) receptors. Intracellular signals for ACTIVIN pathway include receptor regulated-Sma and MAD related protein 1 (SMAD) proteins (R-SMAD2/3), whose phosphorylation activates these proteins and causes dimerization with co-mediator-SMAD (Co-SMAD4).
Upon translocation to the nucleus, these proteins bind SMAD-binding elements (SBE) on a locus in the genome upstream of other sites for transcription factors that control their target genes. Inhibitory SMADs (I-SMAD 6/7) can bind R-SMADs and facilitate their degradation by ubiquitin dependent proteolysis. ACTIVIN signaling is inhibited by the Cerberus, a BMP binding molecule, and left-right determination factor 2 (LEFTY2) proteins during neural plate formation, whereas NODAL is highly expressed in the inner cell mass of blastula and its expression is restricted to hESCs (11, 12) . Activation of SMAD2/3 in hESCs directly activates NANOG expression by binding to the NANOG regulatory region (12, 13) in combination with OCT4 and other regulatory proteins (14) . Forced expression of NANOG could substitute ACTIVIN signaling and maintain pluripotency (13) . Beyond activation of NANOG expression in hPSCs, SMAD2/3 phosphorylation represses the expression of SMAD interacting protein 1 (SIP1), through enhancing pluripotency and mesendoderm differentiation. SIP1 protein is positively controlled by SOX2 expression during neuroectoderm differentiation, and negatively regulated by NANOG, OCT4 and SMAD2/3 in hESCs (15) . Knockdown of this gene is sufficient to maintain expression of the pluripotency genes in the absence of SMAD signaling. The hPSC pluripotency is mediated in part by the balance between neuroectoderm suppression by SMAD and the inhibition of mesendoderm differentiation by SIP1 (Fig.1A) . Although, it has been found that TGFβ inhibition by small molecules could enhance the derivation of mouse embryonic stem cells from blastula embryos and could maintain naïve pluripotency state despite the primed state in hESCs (16, 17) .
Glycogen synthase kinase 3 beta signaling
Glycogen synthase kinase-3 (GSK) is a conserved serine/threonine protein kinase downstream of numerous signaling molecules, including the WNT, FGF, epidermal growth factor (EGF), IGF and sonic hedgehog (SHH) pathways. Normally, the cytosolic GSK3 is part of a complex that is composed of the axis inhibitor (AXIN), adenomatous polyposis coli (APC), and beta-catenin (β-ctnn). It is involved in the phosphorylation and ubiquitin dependent proteolysis of β-ctnn. Upon phosphorylation, GSK3 becomes deactivated, followed by β-ctnn stabilization and translocation to the nucleus, where β-ctnn binds lymphoid enhancing factor/T-cell factor (LEF/TCF) and initiates the transcription of target genes (18) .
Mediators of Pluripotency and Lineage Commitment
WNT, ERK and PI3K molecules are inhibitors for GSK3 and cause β-ctnn stabilization. However, in stem and dormant cells, GSK3 is active, as its activation is necessary for sustaining stem cell identity. There are discrepancies regarding the precise role of GSK3 inhibition and its activation for maintaining pluripotency in hESCs (4, 19, 20) .
Inconsistency regarding the function of GSK3 has emerged due to the phenotypic variability associated with various concentrations of GSK3-inhibitors. Although it is known that there are off-target effects of the GSK3 inhibitors (21), low levels of GSK3 inhibitors promote c-MYC expression and associate with cell self-renewal (22) . Complete abrogation of GSK3 function (higher concentrations of the inhibitor) stabilize β-ctnn and direct hESCs toward a mesendoderm differentiation (4) . The hESCs population heterogeneously expresses WNT signaling. Cells that highly express components of WNT signaling influence mesendoderm differentiation, whereas cells with low WNT signaling have remain in the pluripotent state and differentiate into neural ectoderm upon TGFβ inhibition (23) . Taken together, β-catenin stabilization during differentiation of hPSCs, suggests a role for GSK3 activation in the hPSC ground state of pluripotency (Fig.1A) .
Signaling cross-talk in mesendoderm differentiation of human pluripotent cells
The mesendoderm gives rise to the mesoderm and endoderm lineages during gastrulation. Although the developmental origin of bi-potent mesendoderm cells is unclear, it is assumed that these lineages diverged from a common precursor (24) . The signaling molecules and instructor cells involved in ingression of the cells through the primitive streak and epithelial-mesenchymal transition (EMT) remain unknown. Evidence from vertebrates and hPSCs have demonstrated the crucial role of TGFβ in the emerging mesendoderm from epiblast cells (25) . The Activin/NODAL/SMAD2/3 pathway exerts a direct impact on NANOG expression and the crossactivation effect on ERK phosphorylation is essential for mesendoderm induction. ERK phosphorylation downstream of the FGF signaling and SMAD2/3 prolongs NANOG expression, which, in combination with BMP signaling, induces the mesendoderm in hESC cultures (26) . NANOG expression is a key element for fate decision between differentiation to mesendoderm and extra-embryonic tissues (6), which is directly controlled by SMAD2/3 and ERK pathways. NANOG expression is concomitant with BRACHYURY, a primitive streak gene, and its expression not only enhances expression of mesendodermal genes, but it can also hinder expression of the neuroectoderm gene, paired box 6 (PAX6) (12, 27) . Hence, NANOG expression, in conjunction with orthodenticle homeobox 2 (OTX2) and SIP1 inhibition by phosphorylated ERK and SMAD2/3 respectively, can block neural differentiation of hESCs (15) . Lack of NANOG in hESCs cultures gives rise to the extraembryonic lineage differentiation. Dimerization of SMAD2/3 with co-SMAD (SMAD4) and their internalization to the nucleus may activate mesendoderm gene expressions. However NANOG and the SMAD2/3 complexes have the same target genes during mesendoderm differentiation (6).
BMP signaling is required for extra-embryonic differentiation and expression of the posterior primitive streak marker gene, mix paired-like homeobox (MIXL1) (20) , whereas BMP inhibition increases the expression of anterior primitive streak, T, and goosecoid homeobox (GSC) in the presence of Activin signals and β-ctnn stabilization. Downstream phosphorylation of SMAD1 and its internalization with SMAD4 may activate the expression of the heart and neural crest-specific gene, HAND1, which is another determinant of mesodermal lineage (28) . HAND1 expression, downstream of BMP signaling, may abolish the expression of SOX2, and could blocking neuroectoderm differentiation (27) . In contrast, ERK suppresses SMAD1 by MAPK mediated phosphorylation of the linker region of SMAD1. Intriguingly ERK inactivation leads to downregulation of NANOG and activation of HAND1 mediated autocrine BMP signaling (Fig.1B) (29) .
During anterior and posterior mesendoderm differentiation, the β-ctnn stabilization occurs without exogenous activation signals (20) . Deprivation of the PI3K signal in hPSCs results in ERK activation downstream of SMA2/3 and FGF signaling; its activation blocks GSK3 and stabilizes β-ctnn, which synergistically with SMAD2/3, promotes expression of the mesendoderm genes (Fig.1B) . Inhibition of SMAD2/3 suppresses the expression of the mesendoderm-specific genes, eomesodermin (EOMES) and GSC, even in the presence of β-ctnn stabilization, which confirms that both SMAD activation and WNT signaling are necessary for induction of mesendoderm in hPSCs cultures (4). 
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Mediators of Pluripotency and Lineage Commitment
Emergence of the ectoderm Neural ectoderm: the default model
The processes involved in neural specification were initially described in xenopus during gastrulation. It was determined that the organizer or mesendoderm cells induced the neural axis (30) by expression of BMP antagonists, Chordin and Noggin . In the absence of TGFβ signals, the neural ectoderm emerges from the ectoderm, which suggests neural ectoderm specification through the default mechanism, without extrinsic factors (31) . The notion of a default model for neuroectoderm induction (32) was supported by recent findings whereby dual SMAD inhibition, using BMP inhibitor (Noggin) and Nodal/Activin inhibitor (SB431542), was shown to be sufficient to induce neural induction in hESCs and iPSCs (33, 34) . The fate of epiblast cells towards neuroectoderm tissue is driven by the expression of Noggin, Lefty A (an extracellular antagonist of NODAL signaling) (35) and Dickkopf related protein-1 (DKK1), which antagonizes WNT signaling ( Fig.2A) (20) . The mechanisms through which intrinsic signals drive neuroectoderm transition from hESCs have been shown by introduction of SMAD interacting protein 1 (SIP1) (15) . SIP1 is a zinc finger protein that interacts with SMAD1 and SMAD2/3 proteins (36) and acts as a repressor of the two mesendoderm specific genes, namely, BRACHYURY and E-CADHERIN ( Fig.2A) . Knockdown of SIP1 function in zebrafish induces neural patterning defects and reduction in neural crest precursors (37) . Whereas expression of SIP1 leads to progression of neural ectoderm development, its expression is not necessary for neural induction (38) . The precise mediators through which hPSCs regulate the balance of undifferentiated signals, along with determining when and how neural cell specifications occur and which signals trigger neurogenesis remain unknown. The default model of neuroectoderm induction, suggests a role for unbalancing of the pluripotency factors, OCT4, NANOG and SOX2, inside hPSCs (14) . In the absence of external signals, expression is biased towards one of the trio of factors inside the epiblast cells. Both NODAL/ ACTIVIN and FGF signaling activate NANOG expression. In the absence of these signals, NANOG expression decreases in favor of PAX6 and OTX2 expressions ( Fig.2A) (34) . This also applies to BMP signaling, which positively controls HAND1 and MIXL1 expressions and mesendoderm specification (15) . Lack of BMP activation results in decreased HAND1 and MIXL1 expressions and activates SOX2 expression. Increased SOX2 expression, along with lower expression of the other two factors (OCT4 and, NANOG) induces neuroectoderm differentiation (5, 39) . SOX2 binds to the SIP1 promoter and activates its expression (15) , this may be an inductive signal for neuroectoderm differentiation of hPSCs to facilitate expression of OTX2, PAX6 and GBX1 genes, following inhibition of mesendoderm specific CDH1 and T gene expression (Fig.2A) .
Fibroblast growth factor signaling and neural induction in human pluripotent cells
The extent to which FGF signaling pathway contributes to neuroectoderm specification of hPSCs is not well understood. The role of FGF signaling has been reported in neural induction for zebrafish (40) , xenopus (41) , chicken (9) and mice (8, 9, 31) . However, FGF signaling contributes to neural patterning and its blockage leads to differentiation of hESCs towards peripheral neurons (27) . Yet, whether FGF is necessary in hPSCs neural induction is contentious. Some studies have demonstrated that FGF acts as an instructor signal in neural commitment (42, 43) , whereas others have shown an inhibitory role for FGF signaling in this process (27, 33) . FGF signaling may affect neural induction through two mechanisms, namely, BMP-dependent and independent pathways. In the BMP-dependent pathway, mitogen activated protein kinase (MAPK), activated by FGF, phosphorylates the linker region of SMAD1, which marks SMAD for degradation by the proteasome system (29) . Although this interaction has been confirmed in some vertebrates, there is no evidence for this process in hESCs (43) . Other relevant pathways suggest ERK1/2 activation and downstream SOX gene expression, independent from BMP signaling (9) . However, activation of ERK signaling can enhance neural specification through poly (-ADP-ribose) polymerase-1 (PARP-1) mediated transcriptional regulation of the PAX6 gene expression in hESCs (42) . Studies suggest that hPSCs resemble mouse epiblast stem cells and their state is primed in comparison to the naïve state of the mouse and chicken stem cells (44) . A different hypothesis about the role of FGF in differentiation of hPSCs suggests that naïve stem cells, such as mESCs, require FGF to become primed for differentiation (lower potency in epiblast stem cells). The primed stem cells in hPSCs are a step-up to differentiation and do not require FGF for their neural induction.
Neural crest induction signals in human pluripotent cells
Neural crest (NC) cells are multipotent, migratory cells that transiently emerge in the border of the presumptive neural plate and epidermis during neural tube closure. These multipotent cells migrate during the embryo rostral-caudal axis and can differentiate into cranial mesenchymal cells (which make facial bone and cartilage), the peripheral nervous system, and melanocytes. They contribute to numerous other organs during organogenesis (45) . Signaling molecules in NC specification come from nearby epidermis cells secreting WNT (46) and from underlying mesoderm that produce FGF signals (47) . NC cells are also under a moderate concentration of TGFβ inhibitors from chordate mesoderm (48) . The process of NC induction has a different timing compared to that of neural plate induction (49) and takes place in two interconnected steps (50) . In the first step, ectodermal cells endure a range of WNT, FGF activating signals and TGFβ inhibitors to establish the neural plate border which expresses Msh homeobox 1,2 (MSX1,2), PAX3,7 and Zic family member 1 (ZIC1). In the second step, moderate BMP levels, along with WNT and FGF molecules, specify NC cells with expression of migratory signals, snail family zinc finger (SNAIL), SOX9 and forkhead box D3 (FOXD3) (Fig.2B ) (51) . Those signals have been successfully used for in vitro differentiation of hESCs into NC cells (52) . WNT co-receptor, the low-density lipoprotein (LDL) receptor-related protein 5/6 (LRP5/6), are needed for robust activation of its canonical pathway (53) which stabilizes β-ctnn, facilitating its release from the GSK3 complex, and translocation to the nucleus. Activation of the FGF signal and its downstream ERK pathway can enhance the phosphorylation of GSK3 and β-ctnn to amplify the WNT signal for determining the neural plate border (Fig.2B) . Background expression of BMP effectors, SMAD1/4, leucine-rich repeats and immunoglobulin-like domains 3 (LRIG3), which modulate FGF signaling, may be required for inducing faithful NC cells in the neural plate border (52) . Apart from the requirement of WNT signaling for NC induction, other signaling pathways remain to be dissected and more mechanistic information regarding NC derivation from ectodermal cells, along with their sub-specification into peripheral neurons, Schwann cells, melanocytes and other cell types, is needed.
Epidermis
In the neurula stage, the definitive ectoderm divides into the neural ectoderm and surface ectoderm (epidermis). The surface ectoderm differentiates into the epidermis, which covers the entire embryo and consists of keratinocytes, nails, hair, sebaceous glands, olfactory and mouth epithelium, and the lens of the eyes. In vertebrates, a high concentration of the BMP can specify epidermal cells (54) . Mouse ESs and hESCs have been shown to differentiate into keratinocytes when exposed to high concentrations of BMP (55) . However, the efficiency of this differentiation was low due to suboptimal culture conditions. BMP signals can also enhance extraembryonic differentiation (56) , which explains the low efficiency of keratinocyte differentiation. Combined activation of BMP4 and retinoic acid (RA) results in higher keratinocyte production from hESCs (57) . The exact mechanisms of RA and BMP signaling during keratinocyte differentiation are unclear, but some reports suggest RA (58) and BMP function to regulate p63 expression (59) . P63 expression is essential for epithelial cell proliferation and development and RA positively regulates p63 expression in primary keratinocytes (60) . Despite progress made in generating epidermal cells from pluripotent cells, there are shortcomings in shortening the duration of the process, maintaining the homogeneity of the cells and proliferation potency, and optimizing the culture condition of keratinocytes (61) .
Extra-embryonic cells
Extra-embryonic cells are defined as cells that do not form any of the embryo's tissues, but are essential for its development. They give rise to the placenta, amniotic and chorionic membranes that supply the nutrients and oxygen, and safeguard the embryo from environmental stresses. Successful differentiation of hESCs into placenta cells has been initially described by Xu et al. (56) , where they administered BMP4 in vitro. As previously described, FGF and TGFβ signals interplay to specify a hESC destiny towards the mesendoderm (6) . Inhibition of the ERK pathway downstream of FGF and blockage of Activin receptors leads to BMP mediated extraembryonic differentiation (Fig.2C) (6) . Unlike the mesendoderm-inducing signals, which require high levels of ERK activation, placenta cells are generated in the absence of external FGF signaling, without blocking internal signals (6) . These extra-embryonic cells have the capacity to respond to FGF signals and dedifferentiate to mesodermal cells (62) . A. In the lack of external Activin/Nodal and ERK signals, the expression of NANOG decreases in favor of SOX2 expression. SOX2 expression, in turn, activates SMAD interacting protein 1 (SIP1) which blocks mesendoderm differentiation and actively promotes expression of neuroectoderm specific genes -PAX6, OTX2 and GBX1, B. Neural crest (NC) determination occurs in two distinct steps that consist of neural plate border (NPB) and NC specification. NC specification occurs when the WNT molecule binds to its receptor Frizzled (FZ) and interacts with co-receptor LRP5/6, then these interactions can stabilizes β-ctnn by the canonical pathway. Activation of ERK by its phosphorylation downstream of the fibroblast growth factor (FGF) signals also contributes to glycogen synthase kinase-3 (GSK3) inhibition and indirectly assists with neural plate border determination by boosting the expression of the MSX1, PAX3, PAX7 and ZIC1 genes. Also, Leucine-rich repeats and immunoglobulin-like domains 3 (Lrig3) indirectly inhibit ERK activation is required for induction of the neural plate border. BMP signals cooperativly contribute to specify the NPB cells towards functional migratory NC cells by inducing expressions of the SNAIL1, SOX9 and FOXD3 genes, and C. Summarizing intracellular signals required for self-renewal and maintenance of hPSCs and its early differentiation. The major intracellular signals for hPSCs self-renewal and other differentiated progenies are depicted. High and low arrows indicate the amount of each signal inside the cells. Important transcribed genes are also shown for each step. For example, in the epidermis, the level of expression and phosphorylation of SMAD1 is high. This type of cell expresses the retinoic acid receptor (RAR), marked by p63, cytokeratin14 and cytokeratin18 gene expressions. 
Conclusion
Pluripotent cells have enhanced our understanding of developmental biology and they hold potential in cell-replacement therapies. Therefore, robust and efficient protocols are needed for direct differentiation of pluripotent cells into the desired cell types, with minimal contamination. The current review has focused on external and internal signals essential for maintaining the pluripotency of hPSCs and early differentiation signals. Despite progress made in dissecting the early signals that affect hPSCs, there remains a gap in our understanding of late signaling, how organs develop in vivo, and which signals correspond to further differentiation of each embryonic layer in vitro. The effects of the niche (matrix and cell-cell interactions) on these signals are unknown. The lack of knowledge regarding niche-specific effects on the behavior of stem cells and how these signals control cellular function remain to be illuminated.
